The bacterial isolate Paracoccus sp. strain FLN-7 hydrolyzes amide pesticides such as diflubenzuron, propanil, chlorpropham, and dimethoate through amide bond cleavage. A gene, ampA, encoding a novel arylamidase that catalyzes the amide bond cleavage in the amide pesticides was cloned from the strain. ampA contains a 1,395-bp open reading frame that encodes a 465-aminoacid protein. AmpA was expressed in Escherichia coli BL21 and homogenously purified using Ni-nitrilotriacetic acid affinity chromatography. AmpA is a homodimer with an isoelectric point of 5.4. AmpA displays maximum enzymatic activity at 40°C and a pH of between 7.5 and 8.0, and it is very stable at pHs ranging from 5.5 to 10.0 and at temperatures up to 50°C. AmpA efficiently hydrolyzes a variety of secondary amine compounds such as propanil, 4-acetaminophenol, propham, chlorpropham, dimethoate, and omethoate. The most suitable substrate is propanil, with K m and k cat values of 29.5 M and 49.2 s ؊1 , respectively. The benzoylurea insecticides (diflubenzuron and hexaflumuron) are also hydrolyzed but at low efficiencies. No cofactor is needed for the hydrolysis activity. AmpA shares low identities with reported arylamidases (less than 23%), forms a distinct lineage from closely related arylamidases in the phylogenetic tree, and has different biochemical characteristics and catalytic kinetics with related arylamidases. The results in the present study suggest that AmpA is a good candidate for the study of the mechanism for amide pesticide hydrolysis, genetic engineering of amide herbicide-resistant crops, and bioremediation of amide pesticide-contaminated environments.
A variety of amide compounds are used as pesticides to control insects, pathogens, and weeds in agriculture. These compounds include benzoylurea insecticides (hexaflumuron, diflubenzuron, etc.), organophosphate insecticides with an amide group (dimethoate, omethoate, etc.), carbamate insecticides or herbicides (carbofuran, carbaryl, propham, chlorpropham, etc.), benzimidazole fungicides (carbendazim, benomyl, etc.), acetanilide herbicides (acetochlor, butachlor, propanil, etc.), substituted phenylurea herbicides (diuron, linuron, etc.), and sulfonylurea herbicides (chlorsulfuron, metsulfuron-methyl, etc.) (33) . However, the widespread use of amide pesticides has resulted in the contamination of the environment and agricultural products. Moreover, many amide pesticides are hazardous to human health and may damage crops when used improperly (7, 8, 33) . Thus, the removal of amide pesticides from the environment and agricultural products is of paramount importance.
Microorganisms play a significant role in the degradation or detoxification of amide pesticides in the environment. Bacterial strains that are able to degrade amide pesticides (carbofuran, carbaryl, acetochlor, carbendazim, dimethoate, etc.) have been isolated, and their microbial metabolic pathways have also been elucidated (12, 22, 25, 32, 43) . To date, the sequence information for the following amide pesticide-hydrolyzing enzymes is available: carbaryl hydrolases CahA and CehA (11, 12) , phenmedipham hydrolase PCD (26) , carbofuran hydrolase Mcd (32) , carbendazimhydrolyzing esterase MheI (25) , propanil-hydrolyzing amidases Amq, PamH, and PrpH (19, 28, 42) , and phenylurea hydrolases PuhA and LibA (2, 34) . However, the sequence information and biochemical characterization of amidases that hydrolyze other amide pesticides, such as benzoylurea insecticides, organophosphate insecticides (dimethoate and omethoate), and sulfonylurea herbicides, have not been described.
In the present study, we describe the cloning and biochemical characterization of a novel arylamidase gene, ampA, from an amide pesticide-degrading bacterium, Paracoccus sp. strain FLN-7. AmpA hydrolyzes a wide range of amide pesticides, including diflubenzuron, hexaflumuron, propanil, propham, chlorpropham, dimethoate, and omethoate.
MATERIALS AND METHODS

Chemicals and media.
All amide compounds used in the present study were purchased from Sigma-Aldrich Chemical Co. (Shanghai, China), 2,6-Difluorobenzoic acid, 4-chlorophenylurea, dimethoate carboxylic acid, 3,4-dichloroaniline, and 3-chloroaniline were purchased from J&K Scientific Ltd. (Shanghai, China). All compounds were of analytical grade. The stock solutions of each compound (20 mM) were prepared in acetone and sterilized by filtration through a membrane with a pore size of 0.22 m. The Luria-Bertani (LB) medium was purchased from Difco Laboratories (Detroit, MI Bacterial strains, plasmids, and culture conditions. Escherichia coli DH5␣ and BL21(DE3) were used as hosts for construction of the genomic library and the heterologous expression of protein, respectively. The plas-mids pUC118 (TaKaRa) and pET-29a(ϩ) (Novagen, Madison, WI) were used for DNA cloning and gene expression, respectively. All E. coli strains were grown aerobically at 37°C in LB medium supplemented with appropriate antibiotics.
Isolation and identification of diflubenzuron-degrading bacteria. The activated sludge used for enrichment was collected from a wastewater treatment plant of the Yangnong Chemical Group Co., Ltd. (Jiangsu Province, China). Approximately 5.0 g of activated sludge was added to a 250-ml Erlenmeyer flask containing 50 ml of MSM supplemented with 200 M diflubenzuron as the carbon source. The culture was incubated at 30°C on a rotary shaker at 150 rpm for approximately 5 days. About 5 ml of the enrichment culture was added to 50 ml of fresh enrichment medium for another 5 days. After three rounds of enrichment, the enrichment culture was serially diluted and spread on LB plates. After incubation at 30°C for 4 days, bacterial colonies were selected, isolated by repeated streaking, and tested for their abilities to degrade diflubenzuron. The isolates were characterized and identified by their morphological, physiological, and biochemical characteristics (13) , as well as by 16S rRNA gene sequence analysis (39) .
Amide pesticide transformation and metabolite identification. The isolate was grown in LB medium for approximately 24 h, harvested by centrifugation (3,770 ϫ g, 10 min at 4°C), and washed twice with fresh MSM. The cells were resuspended in MSM (the cell density was adjusted to an optical density at 600 nm of approximately 2.0) and used as seed cultures. An aliquot of the seed culture (2%, vol/vol) was inoculated into a 250-ml Erlenmeyer flask containing 50 ml of MSM supplemented with 200 M various amide pesticides (diflubenzuron, propanil, chlorpropham, and dimethoate). The cultures were incubated at 30°C and 150 rpm on a rotary shaker. At 24-h intervals, bacterial growth was monitored by measuring the numbers of CFU ml Ϫ1 , and the residual pesticide concentration was analyzed by high-performance liquid chromatography (HPLC) or gas chromatography (GC). The metabolites were identified by HPLC/mass spectrometry (MS) (for diflubenzuron, propanil, and chlorpropham) or GC/MS (for dimethoate), as described below. Each treatment was performed in triplicate, and control experiments without inoculation or without substrate were carried out under the same conditions.
Cloning of the diflubenzuron-hydrolyzing amidase gene (ampA). DNA manipulation was carried out as described by Sambrook and Russell (27) . The genomic DNA library of strain FLN-7 was constructed as describe by Wang et al. (35) . The library was plated onto LB plates containing 500 M 4-acetaminophenol and 100 mg liter Ϫ1 ampicillin. The plates were incubated at 37°C for approximately 12 h and stored at 16°C for 48 h. The colonies with a brown color, which was the indicator of the hydrolysis of 4-acetaminophenol into the purple-red product, 4-aminophenol, by the target amidase (18), were selected. The selected recombinants were further tested for the abilities to hydrolyze 4-acetaminophenol and diflubenzuron using HPLC analysis. Inserts of positive clones were sequenced by Invitrogen Biotechnology Co., Ltd. (Shanghai, China). BLASTN and BLASTP were used to search for related nucleotide sequences and deduced amino acids (www.ncbi.nlm.nih.gov/Blast), respectively. Identity analysis of the protein sequence was performed using OMIGA (version 2.0) software (Oxford Molecular Ltd.). The secondary structure of the protein was predicted using the JPred modeling server (6) . Phylogenetic analysis of AmpA with related arylamidases was performed using the MEGA (version 4.1) program (30) , and bootstrap analysis of 1,200 resamplings was used to evaluate the tree topology.
Gene expression and purification of the recombinant enzyme. The ampA gene was PCR amplified from the genomic DNA of strain FLN-7 using PrimeSTAR HS DNA polymerase. The primers for ampA (restriction sites are underlined) were as follows: forward, 5=-ATGCGTCATAT GATACCGAGACTGACCAA-3= (NdeI, corresponding to sites 1 to 20 of the ampA gene); reverse, 5=-ATGCGTGAATTCGCCTTCCATAAGAGC GCCGAT-3= (EcoRI, corresponding to sites 1375 to 1395 of the ampA gene). The PCR product was digested with NdeI and EcoRI, ligated into pET-29a(ϩ) to generate the recombinant plasmid pET-ampA, and then transformed into E. coli BL21(DE3). The induction and purification of the recombinant AmpA were carried out according to the methods described by Tang et al. (31) . The protein concentration was quantified via the Bradford method using bovine serum albumin as the standard (4) .
Determination of molecular mass and pI. The molecular mass of the denatured protein was determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) as described by Laemmli (20) . The protein was stained with Coomassie brilliant blue G-250 (Amresco). The molecular mass of the native protein was determined by gel filtration on a Superdex 200 10/300 GL column (GE Healthcare) with a flow rate of 0.5 ml min Ϫ1 (with buffer containing 50 mM sodium phosphate buffer). The calibration of the column was performed with gamma globulin (160 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), and carbonic anhydrase (30 kDa) as standards. The pI of the recombinant AmpA was estimated using PAGE with 6.25% Ampholine (pH 3.5 to 10) in a gel rod (0.5 cm by 1.0 cm) using an isoelectric focusing calibration kit (Pharmacia LKB), according to the supplier's recommendations.
Enzyme assay. The enzymatic activities toward various amide compounds were determined in 1 ml of 50 mM sodium phosphate buffer (pH 7.5) containing 200 M each substrate at 40°C for 10 min. The reactions were initiated by the addition of purified AmpA (80 g ml Ϫ1 ) to a final concentration of 0.4 g ml Ϫ1 for diflubenzuron and hexaflumuron and 0.04 g ml Ϫ1 for other amide compounds. The reactions were terminated by adding 0.02 ml of 30% HNO 3 and cooled in liquid nitrogen. The thawed samples were centrifuged at 17,530 ϫ g for 10 min, and the supernatants were filtered through a 0.2-m-pore-size filter. For aliphatic amides (formamide and propionamide), the amidase activity was determined by the release of ammonia using the phenol-hypochlorite ammonia detection method (37) . For arylamides, the substrate concentrations were determined by HPLC or GC analysis as described below. One unit of enzyme activity was defined as the amount of enzyme required to catalyze the formation of 1 mol of product or the hydrolysis of 1 mol of substrate per min. Control samples without enzyme were also analyzed under the same conditions, and no spontaneous activity was detected. For kinetic studies, the substrates were appropriately diluted into seven different concentrations around the K m (20, 30, 50, 70, 90, 120 , and 150 M). No more than 10% of the substrate was transformed during the assay. The kinetic values were obtained from the Hanes-Woolf equation (5) .
Chemical analysis. The culture suspensions and the enzymatic solution were extracted with ethyl acetate. The extracts were dried over anhydrous sodium sulfate, and the ethyl acetate was evaporated under reduced pressure. The concentrated residue was resuspended in 1 ml of methanol. The concentrations of pesticides and their metabolites in samples (except dimethoate and omethoate) were analyzed by HPLC with a Zorbax C 18 ODS (octadecylsilane) Spherex column (250 mm by 4.6 mm; Agilent, Santa Clara, CA). The mobile phase consisted of methanol-water-acetic acid (70:30:0.1, vol/vol/vol) with a flow rate of 1.0 ml min Ϫ1 . Column elution was monitored by measuring the absorbance at 230 nm with a Waters 2487 wavelength absorbance detector, and the injection volume was 20 l. An Agilent 6410 TripleQuad liquid chromatography (LC)/MS system (Waters, Milford, MA) was used in MS analysis. The electrospray ionization source was operated in negative ionization mode, and its parameters were as follows: gas temperature, 325°C; gas flow, 12 liter min Ϫ1 ; nebulizer gas, 50 lb/in 2 ; and capillary voltage, 5 kV. Nitrogen was used as both the nebulizer and the collision gas. Dimethoate, omethoate, and the metabolites were analyzed by GC or GC/MS (Thermo Finnigan, San Jose, CA) using a Finnigan GC equipped with an MS detector in electron ionization mode (70 eV). A Finnigan capillary column (15-m length by 0.5-mm inside diameter by 0.25-m film thickness) was used with the following temperature program: exposure to 50°C for 1.5 min, increase in the temperature to 280°C at 25°C min Ϫ1 , and hold for 5 min. Helium was used as the carrier gas at a constant flow rate of 1.0 ml min Ϫ1 . The amounts of substrates and products were quantified using the external standard calibration method.
Biochemical characterization. The pH range of the enzyme was determined by incubating the enzyme with 100 M propanil as the substrate for 10 min at 40°C between pH 3 and 11. Three different buffering systems were used: 50 mM citric acid-sodium phosphate (pH 3 to 5.3), 50 mM KH 2 PO 4 -NaOH buffer (pH 5 to 9), and 50 mM glycine-NaOH (pH 8.8 to 11). For pH stability determination, the enzyme was preincubated in buffer at pH 3 to 11 at 35°C for 1 h, and then the remaining activity was assayed. The optimal reaction temperature was determined under standard conditions at pH 7.5 and different temperatures (15, 20, 25, 30, 35, 40, 45 , 50, 55, 60, and 70°C). For determination of the thermostability, the enzyme was preincubated in a water bath at different temperatures (40, 50, 60, 70, and 80°C) for 1 h, and then the remaining activity was assayed. The effects of potential inhibitors on the enzyme were determined by addition of various chemical agents (0.1, 1.0, and 10 mM) to the reaction mixture and incubation at 35°C for 10 min; amidase activity was assayed as described above and expressed as a percentage of the activity obtained in the absence of the added compounds.
Nucleotide sequence accession numbers and strain deposition number. The 16S rRNA gene sequence of strain FLN-7 and the DNA fragment (2,585 bp) containing the arylamidase gene ampA were deposited in the GenBank database under accession numbers EU725799 and JQ388838, respectively. Strain FLN-7 was deposited in the Korean Agricultural Culture Collection (deposition number KACC 16242) and the Agricultural Culture Collection of China (deposition number ACCC 05690).
RESULTS
Strain isolation and identification.
After three rounds of transfer, the enrichment culture degraded approximately 90% of the initial 200 M diflubenzuron within 5 days of incubation. One isolate, designated FLN-7, capable of transforming diflubenzuron was screened from the enrichment culture. The colonies of strain FLN-7 grown on the LB plate were circular, convex, and pale yellow. Cells of the strain are non-spore forming, Gram negative, nonmotile, and rod shaped. The strain demonstrated positivity for oxidase and catalase, nitrate reduction, and assimilation of L-arabinose, D-glucose, D-mannose, D-fructose, succinic acid, acetic acid, methylamine, and propionic acid but was negative for urease, the indole reaction, methyl red and Voges-Proskauer tests, hydrolysis of gelatin and starch, and assimilation of maltose, sucrose, lactose, trehalose, inositol, and acetone. The morphological and biochemical characteristics of strain FLN-7 fitted with the description of the genus Paracoccus (17) . Phylogenetic analysis of the 16S rRNA gene sequences also revealed that strain FLN-7 grouped among the Paracoccus species and formed a subclade with Paracoccus aminovorans JCM 7685 T (99.2% similarity). Thus, strain FLN-7 was preliminarily identified as a Paracoccus sp.
Transformation of amide pesticide and metabolite identification. The growth of strain FLN-7 in MSM supplemented with 200 M various amide pesticides and its ability to transform these amide pesticides were determined. As shown in Fig. 1 , strain FLN-7 rapidly transformed propanil, chlorpropham, and dimethoate. The strain also transformed diflubenzuron but at a relatively low rate. The metabolites of the four transformed amide pesticides were analyzed using HPLC/MS or GC/MS (see Fig. S1 to S4 in the supplemental material). Two metabolites were formed during diflubenzuron transformation and were identified as 2,6-difluorobenzoic acid and 4-chlorophenylurea, respectively, on the basis of their mass spectra and by reference to authentic standards. Only one metabolite each was formed during propanil, chlorpropham, and dimethoate transformation, and these were identified as 3,4-dichloroaniline, 3-chloroaniline, and dimethoate carboxylic acid, respectively. Furthermore, the metabolite peaks reached their maximum levels when the amide pesticides were completely transformed, and prolonged incubation did not cause a decline in metabolite levels (Fig. 1) . The results showed that strain FLN-7 was able to hydrolyze the four amide pesticides through amide bond cleavage; however, the aryl metabolites could not be further transformed (Fig. 2) . Figure 1 also shows that strain FLN-7 could use propanil, chlorpropham, and dimethoate (but not diflubenzuron) as a carbon source for growth because the strain was able to assimilate the small aliphatic compounds (e.g., methylamine and propionic acid) derived from hydrolysis of the substrates.
The diflubenzuron-hydrolyzing activities of the cell extracts of strain FLN-7 grown on LB medium with and without diflubenzuron were 0.023 Ϯ 0.002 U mg Ϫ1 protein and 0.025 Ϯ 0.003 U mg Ϫ1 protein, respectively, indicating that the amidase responsible for diflubenzuron hydrolysis was constitutively expressed in the strain.
Gene cloning and sequence analysis. The amidase gene for diflubenzuron hydrolysis was obtained by transforming the genomic library of strain FLN-7 into E. coli DH5␣. Ampicillinresistant colonies were selected and subsequently screened for amidase on LB plates containing 500 M 4-acetaminophenol. One brown colony was selected from approximately 15,000 transformants, and the ability to hydrolyze 4-acetaminophenol and diflubenzuron was further confirmed.
The inserted fragment in the positive transformant was 2,585 bp, and 12 complete open reading frames (ORFs) were identified by computer analysis. On the basis of the BLASTP results, one ORF shared identities with many putative or hypothetical amidase genes (highest identity at the amino acid level, 57%). A fragment containing the ORF and its upstream sequences (200 bp) was then subcloned into the linear vector pMD18-T and transformed into E. coli DH5␣. The resulting transformant degraded approximately 80% of 200 M diflubenzuron within an incubation time of 48 h. Therefore, the ORF was the target gene responsible for diflubenzuron hydrolysis and was designated ampA (amide pesticide-degrading amidase).
Sequence analysis indicated that ampA consisted of 1,395 bp with a GC content of 67.8% and encoded a protein of 465 amino acids. A putative Shine-Dalgarno sequence (AGCGGAGGTGGG GATG, underlined) was located 5 bp upstream of the start codon ATG. The deduced protein was searched against the Protein Data Bank (PDB; http://blast.ncbi.nlm.nih.gov) using the BLASTP program. The results showed that all of the retrieved proteins were amidases. The most related proteins were hypothetical or putative amidases from Erythrobacter litoralis HTCC2594 (PDB accession number ABC63696.1, 57% identity), Erythrobacter sp. strain SD-21 (PDB accession number EDL50098.1, 56%), and Erythrobacter sp. strain NAP1 (PDB accession number EAQ30559.1, 53%). AmpA has a core alpha/beta/alpha structure and a highly conserved serine-and glycine-rich sequence (GGSSGGSAVAVA TGMVPAEYGSDIGSS, sites 152 to 178), which are characteristic of the amidase family. Furthermore, a highly conserved catalytic triad of the amidase family, Ser-Ser-Lys (Ser154, Ser178, and Lys79), was also identified. Thus, AmpA belonged to the amidase signature (AS) enzyme family. AmpA displayed activities toward arylamides, indicating that the enzyme should be classified as an arylamidase. The phylogenetic analysis of AmpA with some reported arylamidases shows that AmpA forms a branch with but distinct from p-nitroacetanilide hydrolase AAA (23% identity) (18) , linuron hydrolase LibA (23%) (2), propanil hydrolase PamH (20%) (28) , o-nitroacetanilide hydrolase OctHD (19%) (10), and 6-aminohexanoate cyclic dimer hydrolase NylA (18%) (41) (Fig. 3) .
Gene expression and purification of His-tagged AmpA. Recombinant AmpA was expressed in E. coli BL21(DE3) and purified using Ni-nitrilotriacetic acid affinity chromatography. The purified enzyme appeared as a single band in the SDS-polyacrylamide gel (see Fig. S5 in the supplemental material) . The molecular mass of the denatured enzyme was approximately 50 kDa, which is consistent with the calculated mass of the tagged protein (51,692 Da). The estimated molecular mass of the native protein was approximately 100 kDa, which suggested that the enzyme was a homologous dimer. The pI value of AmpA was 5.4. AmpA catalyzed the hydrolysis of diflubenzuron to equimolar amounts of 2,6-difluorobenzoic acid and 4-chlorophenylurea (see Fig. S6 in the supplemental material).
Characteristics of AmpA. The optimal pH of AmpA was between 7.5 and 8.0. The enzyme was stable at between pH 5.5 and 10.0, retaining more than 75% of the original activity after preincubation in that pH range for 1 h (see Fig. S7 in the supplemental material). The maximum activity of AmpA was achieved at 40°C. The enzyme was fairly stable up to 50°C, it retained more than 70% of its activity at 50°C for 1 h, retained approximately 30% to 40% of its activity at 60°C, and was completely inactivated at 70°C (see Fig. S8 in the supplemental material) . The enzyme was severely inhibited (more than 90%) by the metal ions Ag ϩ , Hg 2ϩ , Ni 2ϩ , and Zn 2ϩ (each at 1.0 mM) and the surfactant SDS (10 mM), while Tween 80 and Triton X-100 (each at 10 mM) showed only 40% to 50% inhibition. The divalent cation chelating agents (EDTA and o-phenanthroline) did not inhibit the enzyme, which suggested that the enzyme did not require a divalent cation for it activity. Substrate specificity of AmpA. The substrate specificity of the purified enzyme was examined with various amide compounds. As shown in Table 1 , AmpA hydrolyzed a wide range of amide compounds. The comparison of catalytic efficiency values (k cat / K m ) for various substrates indicated that the enzyme displayed high activities toward secondary amine compounds, such as arylamides (propanil, 4-acetaminophenol, propham, and chlorpropham) and organophosphate insecticides (dimethoate and omethoate); propanil was hydrolyzed the most rapidly, with K m and k cat values of 29.5 M and 49.2 s Ϫ1 , respectively. Carbofuran, carbaryl, diuron, linuron, and metsulfuron-methyl were not substrates of the enzyme, although these compounds also contained a secondary amine. The K m and k cat for diflubenzuron and hexaflumuron were not determined because of their low water solubilities (only 0.32 M and 0.058 M, respectively). Thus, the specific activity was used to compare the catalytic efficiency of benzoylurea insecticides with other amides. The results revealed that diflubenzuron and hexaflumuron were hydrolyzed with the lowest efficiency. The specific activities were only 15.8% (for diflubenzuron) and 13.4% (for hexaflumuron) of the specific activity of propanil ( Table 1 ). The reason may be due to their low water solubilities or their bulky molecular structure that hinders the enzyme-substrate interaction. Primary amine compounds (formamide and propionamide) were also good substrates for the enzyme but with less efficiency. AmpA was unable to hydrolyze tertiary amines such as acetochlor and butachlor; the most likely reason is that the alkyl substitution on the amine nitrogen may result in steric hindrance, thus interfering with the enzymatic attack on the amide bond.
DISCUSSION
Strain FLN-7 transformed diflubenzuron to 2,6-difluorobenzoic acid and 4-chlorophenylurea but could not further degrade either of them; thus, the strain could not acquire carbon and energy for growth from the transformation. However, the strain survived the enrichment. The possibility was that the strain transformed diflubenzuron through a cometabolism mechanism in which other strains in the enrichment culture degraded the aromatic products of diflubenzuron and produced some small aliphatic metabolites that acted as the carbon source for the growth of strain FLN-7. Strain FLN-7 could transform a wide range of amide pesticides to more water-soluble or biodegradable products, indicating that the strain was a potential candidate for bioremediation of amide pesticide-contaminated environments. However, one disadvantage was that the accumulation of toxic aromatic products such as chlorinated anilines in soil would damage the soil organisms. Constructing a strain that completely mineralizes refractory organic pollutants via metabolic engineering is a practical alternative to avoid the generation of potentially toxic metabolic products (40) . For example, AmpA can be introduced into an aromatic compound-mineralizing strain, allowing the strain to completely mineralize amide pesticides.
Arylamidases are widely found in animals, plants, and microorganisms (19) . In animals, arylamidases have mainly been studied with respect to neural development (3, 24) . In plants, arylami- dases are key enzymes in detoxification of acylanilide herbicides (9, 16) . In bacteria, arylamidases are capable of degrading a wide range of amide xenobiotic compounds (1, 2, 10, 18, 19, 21, 26, 28, 34, 42) . To our knowledge, AmpA is the first described arylamidase that has been confirmed to hydrolyze the amide bond of the benzoylurea insecticides diflubenzuron and hexaflumuron, carbamate herbicides propham and chlorpropham, and organophosphate insecticides dimethoate and omethoate.
AmpA has biochemical characteristics and catalytic kinetics different from those of the most related arylamidases, AAA (18), LibA (2), and PamH (28) . Both AmpA and AAA could hydrolyze 4-acetaminophenol. However, AmpA showed a higher affinity (10.5-fold decrease in K m ) but a lower catalytic efficiency (6.2-fold decrease in specific activity) to 4-acetaminophenol than AAA. AmpA was seriously inhibited (more than 90% activity) by the metal ions Ni 2ϩ and Zn 2ϩ (1 mM), while AAA was only slightly inhibited (20% to 40% activity). The optimum pH of AmpA (7.5 to 8.0) was lower than that of AAA (10.0), and the optimum temperature of AmpA (40°C) was higher than that of AAA (37°C) and LibA (between 22°C and 30°C). Purified AmpA was a homologous dimer, while LibA was a monomeric enzyme. AmpA could not hydrolyze linuron, which was the preferred substrate of LibA. PamH, an arylamidase cloned by Shen et al. (28) showed higher catalytic efficiency (92.8-fold decrease in k cat /K m ) and affinity (5.4-fold increase in K m ) to propanil than AmpA. Moreover, PamH could not hydrolyze propham and chlorpropham (J. Zhang and X. Yan, unpublished data), which were the good substrates of AmpA. These data suggest that AmpA differs from previously reported arylamidases by the low amino acid sequence identity and the differences in enzymatic characteristics. Dimethoate is a widely used organophosphate insecticide (22) which contains both a phosphate ester group and an amide group in its chemical structure. One microbial degradation pathway of dimethoate was through hydrolysis of the phosphotriester bond (POS) by organophosphorus hydrolase (OPH). OPH is a member of the amidohydrolase superfamily that can hydrolyze the POO, POF, and POS bonds of organophosphate pesticides (14) . Reduction of the PAS group by an aldo-keto reductase (AKR5F1) was another reported degradation pathway for dimethoate (15) . The present study suggests that AmpA employs a different metabolic mechanism: hydrolysis of the amide bond to yield dimethoate carboxylic acid.
Herbicide-tolerant crops have become a common weed control tool and are widely planted due to their flexibility and simplicity in weed management, broad-spectrum weed control, and outstanding crop safety. Many herbicide-degrading or -detoxifying enzymes, such as the phosphinothricin acetyltransferase Bar (38) , bromoxynil-specific nitrilase Bxn (29), 2,4-dichlorophenoxyacetate monooxygenase TfdA (23) , and atrazine chlorohydrolase AtzA (36) , have been successfully used to construct herbicide-resistant crops. AmpA is a simple homodimer and is able to hydrolyze a variety of amide herbicides to herbicidally inactive products with high hydrolysis efficiency and does not need any cofactor for its activity. These advantages indicate that AmpA has great potential application in construction of transgenic herbicide-resistant crops.
